The immunological assays for detection of antibodies against SARS-CoV were developed in-house and some of them are available commercially. However, the antigens used in these assays differed. In order to validate the reliability of these assays, the standard panel should be established. In this study, we have expressed and purified severe acute respiratory syndrome (SARS) structural proteins and their fragments and developed indirect enzyme-linked immunosorbent assays (ELISAs) that detect antibodies against the SARS N, N 1 , N 2 , S 1 , S C , S 2 , and M proteins as well as the human coronavirus OC43 and 229E N proteins. These assays were used to screen 58 samples from SARS convalescent patients, 40 serial serum specimens from patients at different phases of SARS infection, and 88 plasma specimens from normal blood donors. The samples from normal blood donors were also tested for antibodies against other respiratory virus. The representative samples were chosen to comprise a reference panel of SARS antibodies that may be used for the detection of SARS. The panel is composed of 25 positive samples, 25 negative samples, 7 diluted samples for anti-N antibody, 6 diluted samples for anti-S antibody, and one sample for validating precision. Comparison of detection results with different SARS antibody assays indicated that our panel should differentiate the specificity and sensitivity of different assays.
Introduction
Coronaviruses are important pathogens that mostly cause respiratory and enteric diseases. The severe acute respiratory syndrome coronavirus (SARS-CoV) is a newly identified human coronavirus that differs from all previously known human coronaviruses. Its approximately 30 kb genome is the largest among RNA viruses and encodes 19 non-structural and 4 structural proteins. The structural proteins include the spike (S), nucleocapsid (N), membrane (M) and small envelope (E) proteins. The S protein is a large membrane protein that induces neutralizing antibodies. The N protein, which is thought to participate in the replication and transcription of viral RNA, is also highly immunogenic and induces a strong antibody response. The transmembrane M protein is the most abundant glycoprotein, while the E protein is an integral membrane protein. The viral envelope is embedded with the S, M, and E proteins and surrounds a helical nucleocapsid consisting of viral RNA and the N protein [1e6] . All are immunogenic and should induce an immune response after infection.
After the outbreak of SARS, several different assays for the laboratory diagnosis of SARS were developed. The assays included reverse transcriptase-polymerase chain reaction (RT-PCR) to detect nucleic acid as well as immunological assays to detect the N antigen and antibodies against SARS-CoV proteins. Diagnostic techniques were chosen based on time, availability of equipment, expertise, and the biological nature of the available samples. Although the detection of N antigen and RNA is very useful for early diagnosis of SARS-CoV infection, antibody detection has been widely used for diagnostic and epidemiological purposes. Therefore, the immunological assays for detection of antibodies were developed in-house and some of them are available commercially. However, the antigens used in these assays differed. Some used inactivated whole virus while others used recombinant polypeptides, even synthesized peptides. Antibodies against different viral proteins or even antigen fragments may be induced. At present, the significance of each antibody in the diagnosis, course, and prognosis of SARS is not absolutely clear. The kinetics of each antibody response and the correlation between the presence of a single antibody and antibodies against the entire virus is also unknown.
To validate the reliability of assays made with different antigens, a standard panel needs to be established. In this study, SARS N and S proteins and their fragments were expressed and purified, and samples from convalescent SARS patients and blood donors were screened with enzyme-linked immunosorbent assays (ELISAs) that were developed with these proteins. The proper samples were selected to comprise the reference panel of SARS-CoV antibodies.
Materials and methods

Clinical specimens and reagents
Plasma specimens were collected from patients clinically diagnosed with SARS-CoV infection who had recovered for at least 3 months in Beijing and Guangdong and Shanxi provinces. All specimens were incubated at 56 C for one hour to inactivate the virus and stored at À20 C. Serial serum specimens were collected from patients with clinically diagnosed SARS at 10 to 47 days after infection. All samples were stored at À20 C and detection was carried out in a P3 laboratory. Plasma specimens (n ¼ 88) unsuitable for transfusion were collected from the Beijing Blood Center.
The influenza A IgG, influenza B IgG, mycoplasma penumoniae IgG, parainfluenza 1/2/3 IgG, adenovirus IgG, respiratory syncytial virus IgG, measles IgG, and mumps IgG ELISAs were manufactured by IBL-Hamburg GmbH (Hamburg, Germany).
The ELISA kits to detect anti-SARS-CoV IgG antibody were manufactured by Euroimmun Medizinische Labordiagnostika AG (Lübeck, Germany) and GBI Biotechnology Company (Beijing, China). The ELISA kits to detect SARS-CoV N protein and RT-PCR kits to detect SARS CoV RNA were manufactured by Haitai Biopharmaceutical Company (Zhuhai, China) and Daan Gene Company (Shenzhen, China), respectively. The domestic kits used in this study were accredited and licensed by State Food and Drug Administration (SFDA), China. All kits were used according to the manufacturer's instructions.
Genes and vectors
The cDNA of the SARS-CoV structural proteins N and S were cloned from SARS patients from Guangdong province and stored in our laboratory [7] . The M protein was purchased from BIODESIGN International (Saco, Maine, USA). The expressed recombinant plasmids of human coronavirus (HcoV) OC43 and 229E N proteins were a gift from professor Che Xiaoyan (Zhujiang hospital, Guangzhou).
Amplification of the N and S Genes of SARS-CoV
The N gene was divided into two fragments [8] , N 1 (1 w 761) and N 2 (442 w 1265), which overlap each other. The S gene was divided into three fragments [9] S 1 (49 w 2040), S C (1531 w 2579), and S 2 (2179 w 3567), which also overlap one another. Moreover, 16 amino acids close to the N terminus and 66 amino acids close to the C terminus of the S protein, which were predicted to be the signal peptide and the transmembrane region, respectively, were removed.
The primers for the N, N 1 , N 2 , S 1 , S C , and S 2 gene fragments of SARS-CoV were designed according to the sequences of SARS-CoV Urbani strain (AY278741). BamHI and NdeI sites were added at the 5 0 terminus of the forward and reverse primers, respectively. Using 1 ml of cDNA as template, each PCR was carried out in a 50 ml reaction with 25 pmol of each primer and 5 U Taq polymerase. The reaction mix was inactivated at 94 C for 3 min, followed by 30 cycles at 94 C for 35 s, 55 C for 35 s, and 72 C for 90 s, with a final extension at 72 C for 10 min. The primer pairs of N 1 forward and N 2 reverse (amplifies N, 1269 bp), N 1 forward and N 1 reverse (amplifies N 1 , 761 bp), N 2 forward and N 2 reverse (amplifies N 2 , 824 bp), S 1 forward and S 1 reverse (amplifies S 1 , 1992 bp), S C forward and S C reverse (amplifies S C , 1449 bp), S 2 forward and S 2 reverse (amplifies S 2 , 1389 bp) as shown below (restriction sites in italics).
Expression of recombinant polypeptides
All PCR products were digested with BamHI and NdeI and ligated into pET30a(þ). After transformation into E. coli, positive plasmids were identified and transformed into the expression strain E. coli BL21(DE3). Bacteria were incubated at 37 C shaking until the OD 600 reached 0.6. Isopropyl-b-Dthiogalactopyranoside (IPTG, final concentration 1 mmol/L) was then added and bacteria were further incubated at 37 C shaking for about 4 h. The recombinant plasmids pQE30 carrying the N genes of HcoV OC43 and HcoV 229E, respectively, were expressed similarly in E. coli M15. The expression level of each protein was analyzed by using gel scanning software AlphaEaseFC 3.2.1.
Purification of recombinant polypeptides
Since the SARS N, N 1 , and N 2 proteins, and the N proteins of HcoV OC43 and HcoV 229E were expressed in soluble form in E. coli, the bacteria were harvested after expression, lysed by sonication, and resuspended in different buffers according to their purification methods. Since the SARS S 1 , S C , and S 2 proteins were expressed in inclusion bodies, the host bacteria were harvested after expression, lysed by sonication, washed twice with 0.1% Triton-X-100, and dissolved in 8 M urea. For the SARS N protein, the lysate was added to an anion-exchange chromatography column and the second elution peak (0.3 mol/L NaCl) was collected. After buffer exchange, the protein was added to a hydrophobic interaction chromatography column and the second elution peak (0.1 mol/L (NH 4 ) 2 SO 4 ) was collected to obtain pure SARS N protein. For the SARS N 1 , S C , and HcoV OC43 N proteins, the lysate was added to a Ni 2þ chelating affinity column and proteins were eluted with 10 mmol/L, 20 mmol/L, and 100 mmol/L imidazole. Purified proteins were obtained in the fractions eluting at 100 mmol/L imidazole. For the SARS N 2 , S 1 , and S 2 proteins, the lysate was applied to a 12% sodium dodecyl sulfate (SDS) gel and put into the chamber of the Gel Eluter. After eluting at 250 mA for 60 min, the solution in each hole was collected and determined to be pure by SDS-polyacrylamide gel electrophoresis (SDS-PAGE). For the HcoV OC43 N protein, the lysate was added to a Ni 2þ chelating affinity chromatography column and the peak eluting at 125 mmol/L imidazole was collected. The protein was applied to a 12% SDS-PAGE gel and eluted using the Gel Eluter as described above and determined to be pure by SDS-PAGE. The expression level of each protein was analyzed by using gel scanning software AlphaEaseFC 3.2.1.
Western blot analysis
Western blot analysis was performed to determine the antigenicity of each antigen. Purified proteins were separated by using 12% SDS-PAGE and subsequently transferred to nitrocellulose membranes. The nitrocellulose membrane was blocked with 5% skim milk overnight at room temperature and then incubated for 1.5 h with SARS-CoV antibody positive human serum (1:500 dilution) at room temperature. After washing five times with phosphate-buffered saline Tween-20 (PBST), the membrane was incubated for 1 h with alkaline phosphatase-labeled goat anti-human IgG (1:2000 dilution) at room temperature. The membrane was washed five times with PBST, transferred into NBT/BCIP solution, and incubated at room temperature until a signal was observed.
Development of indirect ELISA assay
Microtiter plates (96-well) were coated with each purified recombinant protein in 0.01 M phosphate buffer, pH 9.6, for 4 h followed by 37 C for 2 h. The coated plates were incubated at 4 C overnight, washed five times, blocked with 5% skim milk in PBST overnight at room temperature, and washed five times. Plasma or sera specimens were added to each well (1:500 dilution) and incubated at 37 C for 1 h. Each well was washed 5 times, incubated with peroxidase-labeled goat antihuman antibody at 37 C for 30 min, then washed again 5 times. The peroxidase reaction was visualized using TMB as a substrate for 15 min at 37 C in the dark. The reaction was stopped by adding 50 ml/well of 1 N H 2 SO 4 and absorbance was read at 450 nm. To determine a cut-off value, 30 specimens from normal blood donors were tested with each ELISA and the mean OD and standard deviation were calculated. The cut-off value was defined as the mean OD plus three standard deviations for each ELISA.
Results
Construction of recombinant plasmids
The target gene fragments N, N 1 , N 2 , S 1 , S C , and S 2 of SARS-CoV were amplified from cDNA and their sizes were as expected. The positive recombinant plasmid pET-30a(þ) for expressing each fragment were identified and designated as pET-SARS N, pET-SARS N 1 , pET-SARS N 2 , pET-SARS S 1 , pET-SARS S C , and pET-SARS S 2 , respectively.
Antigen expression and purification
The expressed product for each recombinant plasmid was analyzed using 12% SDS-PAGE gels (Fig. 1 ). The N, N 1 , and N 2 recombinant polypeptides of SARS-CoV were expressed in soluble form with the expected sizes of 48.3, 29.5, and 32.3 kD, respectively, while the S 1 , S C , and S 2 polypeptides were found in inclusion bodies with sizes of 76.5, 54.8, and 53.6 kD, respectively.
The recombinant plasmids pQE30 carrying the N genes of HcoV OC43 and HcoV 229E were expressed in E. coli M15. Both N proteins could be expressed in soluble form (Fig. 1 ). The percentage of SARS N, N 1 , N 2 , S 1 , S C , and S 2 proteins expressed was 36.9%, 40.1%, 23.1%, 16.9%, 24.3%, and 41.8% of total protein, respectively, while that of HcoV OC43 and HcoV 229E was 5.8% and 13.7% of total protein.
The expressed products were successfully purified using various purification methods and analyzed on a 12% SDS-PAGE gel (Fig. 2 , for purification details see Section 2). The purity of the SARS N, N 1 , N 2 , S 1 , S C , and S 2 proteins was 98.7%, 96.8%, 95.5%, 95.0%, 97.6%, and 97.5%, respectively, while the purity of the HcoV OC43 and HcoV 229E proteins was 98.2% and 98.9%.
Western blot
To test the reactivity of the SARS recombinant proteins, western blot analysis was carried out using SARS-CoVpositive human serum. Six specific bands corresponding to the molecular weights of the SARS N, N 1 , N 2 , S 1 , S C , and S 2 proteins were observed (Fig. 3) , confirming the authenticity of the recombinant proteins.
Development of indirect ELISA kits
Indirect ELISA kits to detect antibodies against different polypeptides were developed using the corresponding polypeptide. Based on reactivity with serum from uninfected individuals, the OD cutoff values were 0.503, 0.161, 0.234, 0.247, 0.168, 0.227, 0.071, 0.029, and 0.029 for SARS-CoV N, N 1 , N 2 , S 1 , S C , and S 2 proteins, and HcoV OC43 and 229E N proteins, respectively.
Among 58 SARS convalescent plasma specimens, the percentages of IgG antibody against the SARS-CoV N, N 1 , N 2 , S 1 , S C , S 2 , and M proteins were 3.5% (2/58), 91.4% (53/58), 75.9% (44/58), 50.0% (29/58), 81.0% (52/58), 86.2% (50/ 58), and 96.5% (56/58), respectively (Table 1) , which shows the different antigenicities of SARS-CoV polypeptides in SARS convalescent plasma.
No IgG immunoglobulins were detected against the N proteins of HcoV OC43 and 229E, which indicates that no crossreactivity occurred between the N proteins of SARS-CoV and HcoV.
IgG and IgM immunoglobulin were detected in the 58 SARS convalescent plasma specimens using an indirect ELISA developed with entire virus antigens. The prevalence of IgG immunoglobulin was 89.7% (52/58) and IgM immunoglobulin was 1.7% (1/58).
Detection of antigens in 40 SARS serial serum specimens
The SARS N protein and S 1 proteins have been shown to have low antigenicity while the N 1 , N 2 , S C , S 2 and M proteins have better antigenicity. Therefore, IgG immunoglobulins against the N 1 , N 2 , S C , S 2 and M proteins were detected by indirect ELISA in 40 SARS serial sera taken 10 to 45 days after the onset of clinically diagnosed disease. The result showed that in the early phases of infection, the detection rates of antibody against the SARS-CoV M protein were high while the detection rates of the N and S proteins were low. However, the detection rates appeared to increase in the later phases of infection ( Fig. 4 ).
Candidate samples for anti-SARS antibody reference panel
Positive samples
Twenty-five plasma specimens from SARS convalescent patients that showed reactivity to SARS structural proteins were selected as positive references. All were positive for antibodies against SARS whole virus and negative for antibodies to both HcoV OC43 and 229E N proteins. Among them, PS2, PS21, PS16, PS9, PS22, PS20, and PS22 are positive for antibodies against entire N, N 1 , N 2 , S 1 , S C , S 2 , and M proteins respectively. Some samples such as PS3, PS21, and PS24 showed strong reactivity to the N fragment while others such as PS16 and PS17 showed strong reactivity to the S fragment, as were shown in Table 1 .
Negative samples
Eighty-eight plasma specimens collected from Beijing Blood Center but considered unsuitable for transfusion were screened by commercial ELISA kits to IgG antibodies against influenza A virus, influenza B virus, mycoplasma pneumoniae, parainfluenza virus, adenovirus, respiratory syncytial virus, measles virus, and mumps virus. The positive rates were 100% (88/88), 95.5% (84/88), 4.5% (4/88), 97.7% (86/88), 97.7% (86/88), 100% (88/88), 71.6% (63/88), and 94.3% (83/88), respectively. Twenty-five samples of these samples were used in the panel as negative samples. All were positive for antibodies against influenza A virus, influenza B virus, parainfluenza virus, adenovirus, respiratory syncytial virus, measles virus, and mumps virus, while only 3 of 25 were positive for antibodies against mycoplasma ( Table 2) .
Sensitivity samples
Sample PS12 in Table 1 reacted more strongly to the S protein while sample PS20 reacted more strongly to the N protein. Therefore, to validate the sensitivity of ELISA in detecting the N and S proteins, both PS12 and PS20 were serially diluted with defibrated plasma and used as sensitivity samples. The diluted samples for the N and S proteins were designated SN1eSN7 (diluted from PS20) and SS1eSS6, (diluted from PS12) respectively. The diluted samples were also tested for antibodies against N 1 , N 2 , S C , S 2 , and M recombinant proteins as well as whole virus. The results are listed in Table 3 and confirmed that diluted SN samples react strongly to N fragment proteins while diluted SS samples react strongly to S fragment proteins.
CV sample
Sample PS31 in Table 1 was diluted 1.5 times with defibrated plasma and used as the reference of coefficiency variation that validates the precision of diagnosis reagents.
Detection results of SARS CoV RNA and N antigen
All of the 25 positive samples, 13 sensitivity samples and 1 CV sample were detected for SARS CoV RNA and N antigen with accredited kits. The results indicated that none of them were positive for SARS CoV RNA and N antigen.
Detection with different assays
The samples include 25 negative samples, 25 positive samples, 7 dilution samples with strong positive reactivity for the anti-N antibody, and 6 dilution samples with strong positive reactivity for the anti-S 2 antibody. Samples (0.5 ml per vial) and one sample for validation of coefficiency variation (1.5 ml per vial) were aliquoted. In total, 50 sets of the reference panel have been established. After aliquoting, the panel was validated with three different SARS antibody assays.
The results indicated that different assay has different capacity to detect positive samples and diluted samples (Table 4 ).
Discussion
SARS has spread quickly and broken out in almost 30 countries since it was first found in Guangdong Province, China in November 2002, and became a new severe infectious disease in the 21st century that threatens the health of people all over the world. At present, the significance of each antibody in the diagnosis, course, and prognosis of SARS is unclear, as well as the kinetics of each antibody response Note: The sample was considered as positive if S/CO value is equal to or more than 1. and the correlation between the presence of antibodies against a single protein and antibodies against the entire virus. In this study, the indirect ELISAs were developed with different fragments of SARS structure proteins and used to detect antibodies in 58 SARS plasma specimens donated by convalescent patients 3 months after onset of SARS. The results indicated that most of the expressed proteins reacted to the convalescent plasma. To our surprise, SARS N protein exhibited low antigenic activity while the activities of N 1 and N 2 protein, as the fragments of the whole N protein, were better. The following reasons should explain this phenomenon. Firstly, as was described in Section 2, the SARS N protein were purified with complicated poly-stepped purification methods, this may result in the change of N protein structure or property. Next, since it was expressed in E. coli, perhaps SARS whole N protein could not form its natural structure and the antigen conformational epitopes may be exposed after the protein is fragmented. Moreover, the entire SARS N protein reacted to part of negative samples, too, which revealed there may be cross-reaction between SARS and non-SARS plasma. The same result was reported by Mimoun etc. [10] . Probably there were some antigen epitopes similar to conservative N protein in some human tissue antigen or other undetected pathogen.
Meanwhile, the antigenicity of the SARS S 1 protein was poor, too. Based on bioinfomatics analysis, the S 1 protein is the globular domain of the S protein. The conformation of globular proteins is usually complicated and the antigen epitope may be composed of many polypeptides that are far away from one another in the linear sequence. As there is no folding and modifying function in prokaryotic expression systems, the reduction of the antigenic activity is perhaps because the conformation of the S1 protein can not be replicated in prokaryotic expression systems.
Indirect ELISA kits for IgG and IgM were applied to detect antibodies in the plasma specimens. The results are consistent with other studies [9,11e14] . The detection rate of antibody against the SARS-CoV M protein in 40 SARS serial serum specimens was high in the early phases of infection, suggesting that detection of the M protein could be helpful in early diagnosis. Although the detection rate of the N and S proteins was low in early stages of the disease, it appeared to increase in later stages. Since viruses replicate on a large scale once they infect humans, immunity initially substantially declines, but the antibody detection rate rises as immunity recovers with treatment.
Since coronaviruses are ubiquitous, infection with HcoV OC43 and HcoV 229E is common and any cross-reactivity between HcoV and SARS-CoV will increase the rates of misdiagnosis. Therefore, we developed indirect ELISA kits to detect IgG against the N proteins of HcoV OC43 and HcoV 229E and tested them on 30 SARS plasma specimens. The results showed that there was no cross-reactivity. However, the cross-reactivity between the N proteins of HcoV and SARS-CoV had been observed in other studies [10] . Probably, the samples were not sufficient to examine the cross-reactivity in this study.
The prevalence of antibodies against influenza A virus, influenza B virus, mycoplasma pneumoniae, parainfluenza virus, adenovirus, respiratory syncytial virus, measles virus, and mumps virus was also analyzed among normal blood donors. The results indicated that the prevalence of antibody against mycoplasma pneumoniae was only 4.5% while the prevalence of antibodies against influenza A virus and respiratory syncytial virus was 100%.
In this study, 25 samples positive for SARS-CoV antibodies, 25 samples positive for other respiratory virus antibodies but negative for SARS-CoV antibodies, 7 diluted samples with strong antibodies against the S protein, 6 diluted samples with strong antibodies against the N protein, and one sample for validation of coefficiency variation to validate precision were selected to comprise the reference panel of SARS-CoV antibodies. The positive samples were collected from Guangdong, Shanxi, and Beijing. The titers of antibody was different, with some strongly positive, some weak, and others in the middle. All of positive samples were negative for both SARS CoV RNA and N antigen. The negative samples were mainly selected from samples positive for antibodies against other respiratory viruses so that cross-reactivity with other viruses or specificity may be validated. We found that some samples had stronger antibodies against the N protein and some had stronger antibodies against the S protein. Although the significance of antibodies against the N or S protein is not clear for diagnostic purposes, the assay's sensitivity for both should be validated. Therefore sensitivity samples for anti-N and anti-S antibodies were included in the reference panel. In this study, 50 sets of panel had been generated with volume of 500 ml in each vial. In fact, all SARS CoV antibody assays have used indirect sandwich method with which approximately 10 ml samples would be used for each run. Meanwhile, 25 to 30 ml of plasma were left for each samples of panel and stored at À20 C for aliquot in case of emergency. Therefore the panel should be sufficient to be used for validation of SARS antibody assays.
The candidate samples with different background were selected to comprise of reference panel and was validated with different SARS antibody assays. The results showed that different assay had different capacity to detect positive samples. This panel should be used to validate the sensitivity and specificity of SARS-CoV antibody assays and make the assays more reliable.
